Needle injection has been indicated as the most practical method of delivering therapeutic agents to the intervertebral disc due to the disc's largely avascular nature. As the disc is characterized by both high stiffness and low permeability, injection requires substantial pressure, which may not relax on practical time scales. Additionally, needle puncture results in a localized disruption to the annulus fibrosus that can provide a leakage pathway for pressurized injectate. We hypothesized that intradiscal injection would result in slow relaxation of injectate pressure, followed by leakage upon needle retraction. This hypothesis was tested via controlled injection of fluorescently labeled saline into bovine caudal discs via a 21 gauge needle. Injections were performed with 10% of total disc volume injected at 3%/s followed by a 4-minute dwell. An analytical poroelastic model was calibrated to the experimental data and used to estimate injectate delivery with time. Experimental results confirmed both pressurization (with a peak of 199 ± 45 kPa) and slow recovery (final pressure of 81 ± 23 kPa). Injectate leakage through the needle puncture was verified following needle retraction in all samples. Histological sections of the discs displayed a clear defect at each disc's injection site with strong fluorescent labeling indicating a leakage pathway. The modeling results suggest that less than one-fourth of the injected volume was absorbed by the tissue in 4 minutes. Taken together these results suggest that needle injection is a feasible, albeit inefficient method for delivery of therapeutic agents into the intervertebral disc. Particular care should be taken to aspirate un-absorbed injectate prior to needle retraction to prevent leakage and exposure of surrounding tissues. K E Y W O R D S 5-DTAF, bovine caudal, intervertebral disc, needle puncture, poroelastic model 1 | INTRODUCTION The intervertebral disc (IVD) is a fibrocartilaginous structure consisting of a highly hydrated inner nucleus pulposus (NP) surrounded by a ligamentous annulus fibrosus (AF) providing flexible connectivity between vertebral bones. Degeneration of the IVD is a contributor to low back pain, which is the most prevalent cause of disability worldwide 1 having an economic burden on the United States of around $100 billion a
growth factors, 7 siRNA, 8 synthetic extracellular matrix proteins, 9 and structural modifiers. 10 Retention of injectate within the disc is critical for both efficacy of treatment and minimization of harmful side effects. Post-injection leakage has been identified as a potential limitation of cell-based therapies for disc degeneration. 6 While substantial loss of cells following injection has been observed, 11 other injectates are often untraced in experiments. Side effects potentially attributed to injectate leakage range from osteophyte formation 12 to paralysis. 13 There are currently no widely adopted standards for the development of intradiscal injection protocols, particularly with the aim of reducing post-injection leakage.
During needle injection, fluid enters the tissue at a single point. In high permeability tissues, relatively low injection pressure results in rapid percolation of injectate. In low permeability tissues, fluid is injected more rapidly than it may percolate resulting in deformation of the tissue. The fluid pressure required for this deformation depends on the stiffness of the tissue. As the IVD consists of a relatively low permeability NP constrained by a stiff AF, this process results in large pressures during injection. 14 Additionally, low permeability of the NP is implicated in slow relaxation of induced fluid pressure. 15, 16 It is currently unknown quantitatively how stiffness and permeability affect both pressurization and relaxation rates during intradiscal injection.
Needle puncture of the AF is known to result in localized tissue disruption of the tissue with both mechanical [17] [18] [19] and biological 20, 21 consequences. In small animal IVDs, proportional decrease with stiffness with increasing puncture size 22 is consistent with fluid flow through the needle track. 23 It is thus likely that unabsorbed injectate, if still under pressure due to slow relaxation, may be forced out through the track following needle retraction, resulting in leakage.
Taken together, prior research on intradiscal injection has indicated pressurization during injection, slow relaxation, a pathway for injectate leakage, and adverse effects on adjacent tissues. The mechanisms through which these phenomena might be related remain unknown. We hypothesized that the high stiffness and low permeability of the IVD would result in pressurization during intradiscal injection followed by slow relaxation. Furthermore, residual pressure following injection was hypothesized to result in injectate leakage through the needle track following needle retraction. This hypothesis was tested by performing controlled injections into bovine caudal intervertebral discs. Injectate delivery and leakage was assessed using a fluorescent dye. An analytical poroelastic model of pressurization during intradiscal injection was fit to the experimental data and used to estimate the amount of injectate delivered with time.
| METHODS

| Experiment
Controlled fluid injection into fresh bovine caudal IVDs was used to measure pressurization and relaxation. Ten intervertebral discs were harvested within 24 hours of sacrifice from two skeletally mature bovine tails obtained from a local abattoir. The discs were separated from their adjacent vertebrae with a scalpel, and care was taken to maintain approximately constant height across the disc. During dissection, the anterior aspect of the AF was marked, and three measurements each of disc height and diameter were recorded. One disc was excluded from the study due to visual signs of pathology, namely drastically reduced disc height, vascular intrusion, and discoloration of the Complete purging of air bubbles from the system was confirmed by manually pressing the syringe plunger while both valves were closed and confirming less than 10 μL displacement at 1 MPa measured pressure.
Excised IVDs were placed between a pair of sintered stainless steel platens (1.5 00 diameter, 1/16 00 thickness, and 40 μm pore size, Applied Porous Technologies, Tariffville, Connecticut) attached to flat nylon plates. The nylon plates were connected by a pair of threaded posts with wing nuts, which were used to adjust their spacing to constrain the disc axially without an initial compressive preload. The injector needle was then inserted radially into the posterolateral aspect of the disc to a depth of one half of the disc diameter. After placement of the needle into the IVD, valve 2 was opened and valve 1 was closed. During dissection both height and diameter of each disc were measured and recorded. These were used to calculate total disc volumes. Disc volumes were used to program the linear actuator for each specimen to perform a ramp at constant rate, corresponding to 3%/s, F I G U R E 1 Schematic of experimental system. A linear actuator and syringe were used to perform injections with controlled volumes and rates while system pressure was recorded by the transducer. Valve 1 and reservoir were used to fill the system with fluorescently labeled saline. Valve 2 was used to prevent fluid flow into or out of the needle during retraction to a final displacement corresponding to 10% of disc volume. The injection rate was determined during instrument testing to result in less than 1 kPa of back pressure. Following the ramp, displacement was held for 240 seconds, which was determined by a pilot study to be the minimum time required for an accurate model fit. Fluid pressure in the injector was sampled at 20 Hz throughout the test. At the end of the test, valve 2 was closed, and the disc was removed from the injector and frozen at −20 C. Injectate delivery and leakage was assessed by taking 30 μm cryosections of the frozen discs at mid-height. The sections were mounted on plain glass slides (VWR, Radnor, Pennsylvania), air dried, and covered with coverslipping medium (Polysciences, Warrington, Pennsylvania). Slides were imaged using an inverted microscope (Olympus, Waltham, Massachusetts) equipped with a 2.5× objective and digital camera. Epifluorescence with a fluorescein filter set was used to visualize 5-DTAF staining, and crossed polarizing filters were used to image AF tissue structure. Additionally, photographs were taken of each disc after sectioning using a stereomicroscope (AmScope Inc., Irvine, California) equipped with a green lens filter and 24 W LED lamp with 450 to 460 nm emission (ABI, Indianapolis, Indiana). 
| Model
The pressure-volume relationship at the injection site was described by a function determined empirically during pilot testing to produce an accurate fit to experimental data. Intradiscal fluid pressure increased nonlinearly with fluid volume, defined by stiffness, R (Pa), and exponent, β (Pa −1 ). Stiffness, R, describes a linear increase in pressure with injection volume, while exponent, β, describes stiffening of the tissue at higher pressure. It is assumed in this model that both injection and relaxation rates are slow enough to be insensitive to viscoelastic effects.
Combining Equations (1) and (2) and solving for rate of pressure change yields the following governing equation.
For a typical ramp-hold injection protocol, input rate, Q I , was 
| DISCUSSION
The present study confirms earlier observations of intradiscal pressurization during the injection. 14, 15, 24 Peak pressures (~200 kPa)
were comparable to those used in provocative discography, 25 of the surrounding tissue. Our fit parameters suggest that the response is highly nonlinear at experimental pressure magnitude. This is consistent with pressure vs volume response in human lumbar IVDs, 24 which showed little pressurization at small volumes. Model predictions of volume delivered ( Figure 5B ) were in qualitative agreement with fluorescent dye experiments ( Figure 3A ), suggesting that approximately one-quarter of the injected fluid was absorbed by the tissue prior to needle retraction. An important avenue of future research is determination of threshold residual pressure below which leakage will not occur.
While the experimental injections were performed with a linear actuator for the purpose of repeatability, they were generally representative of manual injection. The peak pressures measured in this study correspond to a force of approximately 4 to 5 N applied to a 1 mL syringe, which is less than one-tenth of the average maximum thumb force reported in the literature. 26 The fluorescent dye measurements ( Figure 3 Our experiments were performed with excised discs constrained by porous metal platens, a common boundary condition in organ culture systems. [27] [28] [29] This condition was chosen for the present study to allow freezing and cryosectioning of the discs with minimal handling after injection, which was presumed to affect dye distribution. Pilot studies found no differences in either peak pressure or rate of depressurization between excised discs and discs still attached to adjacent vertebrae. This suggests that pressurization is dictated by radial bulging, and relaxation is limited by the permeability of the NP and AF rather than the vertebral endplates.
The present study was performed using bovine caudal IVDs due to their availability, low interspecimen variability, and common use as a pre-clinical model. Despite differences in size and shape, bovine caudal discs are compositionally and mechanically similar to healthy human lumbar discs at the tissue level. 30 When scaled by an approximate human lumbar disc volume of 16 mL, 31 previously reported 24 injection stiffness range from 22 kPa/% to 87 kPa/%. The bovine caudal values were comparable, with an average of 20 kPa/%, and a peak of over 50 kPa/% at maximum injection volume. Although the bovine discs used in this study were young and free of pathology, AF tissue stiffness remains relatively constant with degeneration. 32, 33 In human lumbar discs, this results in relatively constant peak pressure during injection. 15 Human lumbar discs have been shown to depressurize more rapidly with degeneration, 15 however, the residual pressure after 2 minutes in all but the most severe degenerative grades (~60 kPa) was above the residual pressure at which we observed leakage in the present study. It is possible that faster relaxation in degenerated discs is the result of flow through radial fissures, 34 gives the pressurized injectate a ready pathway for leakage following needle retraction. Our findings suggest that while needle injection may be used for successful delivery into the IVD, efficiency of delivery is low, and aspiration of un-absorbed injectate prior to needle retraction may be necessary to minimize leakage risk.
F I G U R E 5 Average ± SD model predictions of pressure (A) and delivered volume of injectate (B) during experimental injection of 10% total disc volume
